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In  the  hop-drying  studie 


Photo  below  shows  the  pilot  dryer  used  in 
these  studies. 


reported  in  this  bulletin  . . . 


l.Two  electrical  conductivity-type  moisture  meters  were  calibrated  for 
ground  hops.  The  conductivity-type  meter  appears  promising  for  rapidly 
determining  the  moisture  content  at  the  end  of  the  drying  period. 

2.  An  equilibrium  moisture-content  curve  was  developed. 

3.  Basic  drying  rates  were  established. 

4.  Evidence  indicates  that  hops  may  "case  harden"  at  very  low  relative 
humidities  and  consequently  have  a  slow  basic  drying  rate. 

5.  Quality  was  found  to  be  an  opinion  of  the  individual  judge  rather  than 
the  weighted  average  of  a  number  of  finite  factors. 

6.  Samples  dried  at  nO°-115°F  were  judged  superior  to  those  dried  at 
higher  temperatures. 

7.  Partial  drying  with  150°F  air  and  finish  drying  with  unheated  air  at  a 
moderate  air-flow  rate  produced  a  quality  product.  This  procedure  might 
be  used  to  increase  the  capacity  of  the  kiln. 

8.  An  air  rate  of  80-85  cu.  ft.  per  min.  per  sq.  ft.  will  lift  a  34-in.-deep  hop 
mass  when  dry.  Sixty  cu.  ft.  per  min.  per  sq.  ft.  is  believed  to  be  the 
highest  practical  air  rate  for  a  34-in.  kiln. 

9.  Evidence  indicates  that  mixing  resulting  from  removing  the  dried  hops 
from  the  kiln  by  pelican,  emptying  the  pelicans  into  the  transfer  cart,  and 
then  emptying  the  transfer  cart,  mingles  the  wet  and  dry  portions  sufficiently 
to  bale  directly.  Small  bales  made  in  this  way  yielded  good-quality  hops; 
full  size  bales  were  not  made. 

10.  Reversing  the  direction  of  air  flow  when  the  mass  is  approximately 
two-thirds  dried  will  reduce  the  moisture  range,  top  to  bottom  of  the  mass, 
and  decrease  the  in-drier  time.  Air-direction  reversal  before  the  mass  is 
two-thirds  dry  may  cause  insufficient  drying  of  the  central  portion  of  the 
mass. 

11.  Closed  recirculation  of  the  air  at  the  drying  temperature  after  the  final 
desired  average  moisture  content  has  been  reached  will  reduce  the  moisture 
gradient  through  the  mass  but  will  extend  the  in-drier  time. 
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S.  M.  Henderson  is  Associate  Professor  of  Agricultural   Engineering  and  Associate  Agricultural 
Engineer  in  the  Experiment  Station,  Davis. 
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SOME  HOP-DRYING  STUDIES 


S.  M.  HENDERSON 


D, 


Tying  studies  of  hops  were  conducted 
by  agricultural  engineering  personnel  of 
the  Experiment  Station  during  the  hop 
harvest  seasons  of  1953  through  1956. 
This  publication  contains  a  summary  of 
the  significant  portions  of  the  investiga- 
tion. The  report  is  directed  specially  to- 
ward those  doing  research  and  engineer- 
ing design  in  hop  drying.  In  addition, 
we  believe  operators  of  hop  drying  plants 
will  find  the  report  valuable. 

Hop  drying  is  a  deep-bed  process. 
Depths  of  32  to  36  in.  with  initial  wet 
mass  densities  of  4.5  to  5.0  lbs.  per  cu. 
ft.  are  dried  with  110°  to  150°F  air 
temperature  and  air  rates  of  20  to  50  cu. 
ft.  per  min.  per  sq.  ft.  of  floor.  They  are 
dried  from  a  moisture  content  of  70  to  80 
per  cent  (wet  basis)  to  about  8V2  Per 
cent.  When  the  average  moisture  content 
of  the  mass  is  about  8V2  per  cent,  the  top 
of  the  mass  may  have  a  moisture  content 
as  high  as  16  or  18  per  cent  and  the 
bottom  of  the  mass  as  low  as  2  per  cent. 
The  moisture  content  of  the  over-  and 
underdried  portions  is  equalized  by  mov- 
ing the  loose  dried  hops  to  a  floor  where 
they  are  stored  for  a  few  days  before 
baling.  This  intermediate  equalizing  op- 
eration requires  extra  labor  and  equip- 
ment and  at  least  as  much  floor  space  as 
the  driers;  hence  its  elimination  is  desir- 
able. The  low  moisture  content  of  the 
bottom  of  the  mass  contributes  to  cone 
shatter,  which  lowers  the  market  value. 


Submitted  for  publication  May  27,  1957. 


The  studies  were  directed  toward  elim- 
inating the  tempering  operation  and 
reducing  cone  shatter.  In  addition,  basic 
hop-drying  data  pertinent  to  improving 
the  conventional  drying  system  or  pro- 
viding a  new  system  were  desired. 

Continuous-flow  hop  driers  were  not 
studied  even  though  their  use  is  recog- 
nized as  a  solution  to  many  drier  prob- 
lems. 

Many  of  the  results  are  indicative 
rather  than  conclusive.  The  short  experi- 
mental season  of  three  to  four  weeks  per 
year  did  not  permit  results  to  be  avail- 
able soon  enough  to  modify  equipment 
or  experimental  procedures  during  a  cur- 
rent season.  Thus,  the  experience  and 
results  of  one  set  of  studies  could  be 
used  only  for  designing  a  set  of  studies 
to  be  made  the  following  harvest  season. 
Frequently,  the  results  indicated  the  need 
for  continued  detailed  investigations 
which,  unfortunately,  would  have  re- 
quired more  funds  and  personnel  than 
were  available.  Even  though  many  of  the 
results  are  inconclusive,  the  findings  are 
believed  generally  significant  enough  to 
contribute  toward  improving  of  the  deep- 
bed  hop-drying  process. 

MOISTURE-CONTENT 
DETERMINATIONS 

Commercial  moisture  content  is  based 
on  the  wet  weight  of  the  material.  The 
percentage  moisture  (wet  basis)  equals 
100  times  the  pounds  of  water  divided 
by  the  sum  of  the  pounds  of  dry  matter 
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Fig.  1.  Relation  of 
the  three  moisture- 
content  indexes. 
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and  pounds  of  water.  The  dry-basis  mois- 
ture content  is  frequently  used  in  scien- 
tific and  engineering  calculations  since 
the  base  does  not  change  with  the  mois- 
ture content;  the  change  in  weight  is 
proportional  to  that  in  moisture  content 
(dry  basis).  The  percentage  of  moisture 
(dry  basis)  is  100  times  the  pounds  of 
water  divided  by  the  pounds  of  dry 
matter.  The  moisture  ratio,  which  is  dry- 
basis  moisture  content  expressed  as  a 
decimal,  is  also  frequently  used  in  scien- 
tific work.  The  relations  of  the  three 
moisture-content  indexes  are  shown  in 
figure  1. 

The  official  method2  for  determining 


2  Official  and  tentative  methods  of  analysis  of 
the  Association  of  Official  Agricultural  Chem- 
ists. 6th  ed.  932  pp.  Published  by  the  Associa- 


hop  moisture  content  is  3  hrs.  in  a 
vacuum  oven  at  140° F  or  1  hr.  in  an  air 
oven  at  218°F.  The  moisture  contents  in 
this  report  were  determined  in  the 
vacuum  oven  unless  otherwise  indicated. 

Calibration  of  Two  Electrical 
Moisture  Meters  for  Loose  Hops 

Drying  should  be  terminated  when  the 
average  moisture  content  of  the  mass  is 
between  8  and  11  per  cent,  the  exact 
value  varying  from  operation  to  opera- 
tion. Since  the  meters  studied  permit 
observations  to  be  made  in  less  than  10 
minutes,  their  use  would  permit  the  drier 

tion  of  Official  Agricultural  Chemists,  P.  O. 
Box  540,  Benjamin  Franklin  Station,  Washing- 
ton, D.C.  1945.  (Also  other  editions.) 
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Fig.  2.  Calibration  of  the  Delmhorst  moisture  meter  for  ground  hops. 
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foreman  to  terminate  drying  at  the  most 
optimum  moisture  content. 

Tests  were  made  on  a  Delmhorst  small- 
grain  moisture  meter  (Mod.  RCI,  Ser. 
1390,  probe  HG)    and  a  Weston  baled- 


hop  moisture  meter  (Mod.  8008,  Type  9, 
Ser.  388).  Both  meters  operate  on  the 
electrical  conductivity  of  the  hops.  The 
Delmhorst  meter  consists  of  two  parallel 
rows  of  electrically  isolated  needles.  The 
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needles  are  forced  into  the  material  by  a 
spring-loaded  indexed  handle,  an  ar- 
rangement that  permits  the  same  load- 
ing pressure  on  each  sample.  The  Weston 
baled-hop  meter  consists  of  a  pointed 
cylindrical  probe  with  electrically  iso- 
lated rings  near  the  end.  In  normal  use, 
the  probe  is  pushed  into  a  bale.  In  these 
tests,  the  probe  was  placed  in  the  center 
of  a  handful  of  loose  or  ground  hops  and 
pressure  was  applied  by  squeezing. 

Fifteen  samples  were  removed  from  an 
operating  drier,  each  sample  having  a 


ZO.O 


different  moisture  content.  Each  sample 
was  then  divided  into  three  parts  and 
each  part  was  stirred  by  hand.  One  part 
was  placed  in  a  sealed  jar  for  a  standard 
vacuum-oven  moisture-content  determi- 
nation. The  temperature  of  the  two  re- 
maining parts  was  then  recorded  and 
meter  readings  were  observed  using  both 
meters  on  both  parts.  The  hops  were  then 
shredded  or  pulled  apart  by  hand  and 
meter  readings  were  again  taken  using 
both  meters  on  both  parts.  The  shredded 
hops  were  then  ground  in  a  No.  72  Uni- 


2.5  5.0  7.5  IO.O  12.5  15.0 

AoisTun?  Content-  Percent  (v.b.) 

Fig.  3.  Calibration  of  the  Weston  baled-hop  meter  for  ground  hops. 
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versal  food  chopper  with  a  10-tooth 
cutter  and  meter  readings  were  once 
more  taken.  A  number  of  tests  showed 
that  ground  hops  must  be  used  for  ac- 
ceptable results  and  that  temperature 
corrections  were  important. 

Figure  2  shows  calibration  curves  ob- 
tained for  the  Delmhorst  meter  at  a 
number  of  temperatures.  Comparable 
curves  for  the  Weston  meter  are  shown 
in  figure  3.  The  curves  plotted  at  60°, 
77°,  and  104°  (solid  lines)  are  experi- 
mentally determined  curves  and  the 
curves  at  70°,  80°,  90°,  and  100°F 
(dashed  lines)  are  curves  interpolated 
from  the  three  original  curves.  The  ac- 
cumulated statistical  standard  deviation 
of  the  observed  points  from  the  eye -fitted 
lines  is  0.7  for  the  Weston  meter  and  0.5 
for  the  Delmhorst  meter.  Under  normal 
biological  conditions  approximately  two 
thirds  of  a  large  number  of  observations 
would  not  vary  more  than  the  standard 
deviation  above  or  below  the  instrument 
observation.  For  example,  if  the  Delm- 
horst meter  indicated  11.6  per  cent  mois- 
ture content,  the  probability  would  be 
two  out  of  three  that  the  true  moisture 
content  would  be  11.6  plus  or  minus  0.5, 
or  between  11.1  and  12.1  per  cent. 

Note  that  the  deviation  is  much  greater 
at  higher  than  at  lower  moisture  con- 
tents. At  higher  average  moisture  con- 
tents the  moisture  range  between  the  cone 
petals  (bracts)  and  strig  is  greater  than 
at  lower  ones.  Oven-determined  moisture 
contents  of  petals  and  strigs  were  made 
to  ascertain  the  variation.  The  respective 
observations  were:  freshly  harvested 
hops,  70.4  and  82.5;  approximately  12 
per  cent  average  moisture  content,  6.98 
and  31.2;  approximately  8  per  cent,  6.0 
and  15.9.  When  grinding  a  higher- 
moisture-content  sample,  a  tendency  for 
the  high-moisture  materials  to  clump  was 
noted.  Clumping  was  also  noted  during 
the  mixing  process.  Variation  of  about 
0.5  per  cent  in  a  few  duplicate  oven 
moisture  determinations  further  substan- 
tiates the  source  of  this  error.  This  seg- 


regation is  believed  responsible  for  the 
observed     deviations,     especially     with 

During  the  initial  tests  the  indicator 
higher  moisture  contents, 
on  the  Delmhorst  meter  would  continu- 
ally move  up  scale  if  the  prongs  were 
held  in  the  hops  under  the  required 
pressure  for  a  few  minutes.  To  determine 
the  effect  of  this  increase,  a  test  was  made 
on  the  rate  of  increase  of  the  readings. 

The  test  was  made  on  two  samples; 
one  had  a  moisture  content  of  9.7  per 
cent  and  the  second  of  15.5  per  cent.  The 
sample  having  the  lower  moisture  content 
was  tested  in  two  ways.  First,  the  prongs 
were  pushed  into  the  sample  under  the 
prescribed  pressure  for  3  minutes  and 
meter  readings  were  recorded  every  0.1 
minute.  Next,  the  sample  was  again 
stirred  and  the  prongs  were  held  in  the 
hops  for  0.8  minute,  after  which  the 
pressure  was  released  and  re-applied  for 
1.5  minutes,  then  the  pressure  was  re- 
leased and  re-applied  for  2.3  minutes;  as 
before,  meter  readings  were  recorded 
every  0.1  minute.  The  hops  having  a 
higher  moisture  content  were  tested  once, 
during  which  test  the  prescribed  pressure 
was  held  on  the  probes  for  5.8  minutes 
and  meter  readings  were  again  recorded 
every  0.1  minute.  The  results  of  the  drift 
tests  are  shown  in  figure  4. 

The  Delmhorst  meter  can  be  used  with 
acceptable  accuracy  if  the  ground  hops 
are  well  stirred  and  the  temperature  of 
the  hops  is  observed  immediately  after 
the  meter  reading  is  taken.  Since  the 
anticipated  error  appears  due  mainly  to 
variation  in  the  stirred  sample,  care 
must  be  exercised  in  grinding  and  stir- 
ring. An  average  of  a  number  of  dupli- 
cate samples  is  recommended  when  test- 
ing high-moisture-content  hops.  The 
effect  of  the  sample  container  and  mois- 
ture probe  on  the  temperature  must  be 
recognized.  It  is  also  important  to  hold 
the  prongs  in  the  ground  hops  under  the 
prescribed  pressure  for  20  to  30  seconds, 
the  length  of  time  used  in  preparing  the 
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Fig.  4.  Increase  in  meter  reading  with  time.  Above,  9.7  per  cent  moisture  sample;  open  circles  show 
the  effect  of  releasing  and  reapplying  pressure  on  the  probe.  Below,  15.5  per  cent  moisture  sample. 
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calibration  curve,  before  a  meter  reading 
is  taken. 

The  readings  obtained  by  using  the 
Weston  meter  on  ground  hops  are  sub- 
ject to  an  additional  error  since  the  read- 
ing is  dependent  upon  the  pressure  on  the 
hops  surrounding  the  probe.  The  meter 
reading  will  increase  as  the  pressure  in- 
creases; therefore,  to  obtain  accurate 
readings  the  same  pressure  would  have 
to  be  applied  at  all  times.  For  this  reason 
the  pressure  should  be  specified;  how- 
ever, it  would  be  difficult  to  control  the 
pressure  unless  a  new  pressure  system  is 
designed. 

Problems 

The  accuracy  of  this  method  of  hop 
moisture  determination  appears  closely 
related  to  clumping  of  high-moisture 
strigs  in  the  ground  sample  and  compac- 
tion from  pressure  during  reading. 

There  appears  to  be  no  easy  solution 
to  the  mixing  problem.  Averaging  a 
number  of  independent  observations  on 
a  single  lot  should  yield  a  practical  value. 

The  fatigue,  compaction,  or  drift  prob- 
lem might  be  solved  by  loading  the 
sample  with  a  dead  weight  and  waiting 
until  a  constant  reading  is  reached,  by 
loading  with  an  initial  load  when  fixing 
the  position  of  the  probe,  or  by  using  a 
weighed  sample  and  a  fixed  probe  posi- 
tion. The  drift  factor  and  other  perform- 
ance features  are  reported  to  be  under 
study  by  the  manufacturers. 

The  effect  of  year  to  year  botanical 
variation  on  the  reliability  of  the  cali- 
bration data  should  be  investigated. 

EQUILIBRIUM   MOISTURE   CONTENT 

An  equilibrium  moisture  curve  ob- 
served for  hops  by  A.  A.  McKillop  is 
reported  in  figure  5.  The  open  points 
were  determined  by  the  stirred-air  sul- 
furic acid  method  at  a  temperature  of 
about  70°F.  The  solid  points  were  fitted 
by  the  equation 

(l-rh)  =e-cTMn 


which  was  found  to  represent  equilib- 
rium moisture  data  of  all  types  of  ma- 
terial.3 M  is  the  equilibrium  moisture 
percentage  expressed  on  a  dry  basis;  T 
is  air  temperature,  Rankine  (°F  +  460)  ; 
rh  is  relative  humidity  expressed  as  a 
decimal;  c  and  n  are  constants  which 
apply  to  the  material.  For  hops,  c  was 
found  to  be  0.314  x  10"4,  n  to  be  1.695. 
The  sulfuric  acid  system  at  high  rela- 
tive humidities  frequently  gives  false 
results  because  of  mold  growth  on  the 
sample.  The  high  result  observed  at  70 
per  cent  relative  humidity  was  probably 
due  to  this  factor  since  some  mold  de- 
veloped on  the  sample  during  the  test. 
The  dotted  or  calculated  curve  is  recom- 
mended for  use  above  60  per  cent. 

LABORATORY  DRYING  STUDIES 

The  Agricultural  Engineering  Depart- 
ment laboratory  dehydrator  was  fitted 
with  a  stack  of  nine  12  in.  by  16  in. 
trays  with  hardware-cloth  bottoms.  The 
top  and  bottom  trays  were  1%  in.  deep, 
the  intervening  seven  trays,  5  in.  deep. 
The  stack  when  filled  with  hops  simulated 
a  bed  38  in.  deep.  By  weighing  the  indi- 
vidual trays  periodically  during  a  drying 
test  a  drying  curve  of  the  hops  at  various 
levels  was  developed. 

Tests  were  designed  to  represent  actual 
field  drier  conditions.  Thus,  a  completely 
filled  stack  was  used  and  the  air  rate  was 
established  at  50  cu.  ft.  per  min.  per  sq. 
ft.  The  stacks  were  dried  until  the  aver- 
age moisture  content  was  8  to  9  per  cent. 
At  this  point  in  normal  kiln  operation  the 
hops  are  removed.  Steam  was  then  in- 
jected into  the  incoming  air  stream  to 
bring  the  relative  humidity  up  to  about 
50  per  cent,  approximating  a  conven- 
tional kiln  operating  with  closed  recircu- 
lation. Tests  were  made  at  110°,  130°, 
and  150°F.  The  results  are  reported  in 
figures  6,  7,  and  8.  The  lower  or  left 
curve  is  for  the  bottom  tray,  which  repre- 

3  Henderson,  S.  M.  A  basic  concept  of  equi- 
librium moisture.  Agr.  Engin.  33:29-32.  1952. 
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sents  the  bottom  of  a  kiln.  The  upper  or 
right-hand  curve  represents  the  top  sur- 
face of  a  bed  in  the  conventional  kiln. 
The  intervening  curves  represent  drying 
at  5-in.  intervals.  A  fourth  test  with  the 
lower  1%-in.  tray  dried  at  150°F  and 
30  cu.  ft.  per  min.  per  sq.  ft.  was  con- 
ducted to  observe  the  effect  of  air  rate 
on  the  drying  index.  The  results  are  re- 
ported in  figure  8  as  a  dashed  line. 

The  moisture-gradient  pattern  for 
deep-bed  driers  is  generally  a  linear 
function  of  air  rate  through  the  mass 
since  the  reduction  in  drying  rate  of 
upper  layers  is  related  to  the  moisture 
picked  up  by  the  air  in  drying  lower 
layers.  Consequently,  the  patterns  of  fig- 
ures 6  through  8  are  representative  of 
depths  and  air  rates  defined  thus: 

Air  rate,  cu.  ft.  per  min.  per  sq.  ft. 
Bed  depth,  ins. 

For  example,  the  curves  would  apply  for 
an  air  rate  of  25  cu.  ft.  per  min.  per  sq. 


1.32 


ft.  and  a  depth  of  19  in.  This  relation 
holds  if  the  drying  rate  of  a  single  unit 
of  the  material  is  nearly  independent  of 
the  air  rate  past  it,  which  is  true  for 
small  grains  and  many  granular  mate- 
rials. Hops  will  probably  deviate  from 
this  principle  because  of  the  physical 
characteristics  of  the  cone. 

The  portion  of  the  curves  to  the  right 
of  the  vertical  dashed  line  represents  per- 
formance of  a  closed  system  in  which 
relative  humidity  is  maintained  at  ap- 
proximately the  elevated  values  noted  on 
the  graphs,  after  hops  have  reached  8  to 
9  per  cent  moisture  content. 

Note  that  the  moisture  distribution 
pattern  is  similar  in  all  the  tests  and  that 
the  differential,  top  to  bottom,  is  greater 
for  the  higher  temperature.  The  differen- 
tial can  be  reduced  by  a  lower  air  tem- 
perature, as  shown,  or  by  increasing  the 
air  rate.  A  higher  air  rate  decreases  the 
moisture  differential  during  drying  and 
shortens   the   drying   time.    To    date,    a 
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mathematical  procedure  for  relating  air 
rate,  drying  time,  and  moisture  differen- 
tial in  deep-bed  drying  processes  has  not 
been  found. 

After  elevating  the  relative  humidity, 
the  lower  portions  of  the  mass  increased 
in  moisture  content.  The  increase  took 
place  in  1  to  2  hours.  The  moisture  con- 
tent in  the  lower  portion  remained  con- 
stant after  this  period,  whereas  the  upper 
portions  continued  to  dry,  but  at  a  slower 
rate. 

The  reduction  in  moisture  differential 
was  satisfactory  but  the  extended  time  in 
process  would  increase  the  cost  of  drying 


and  reduce  the  drier  capacity.  Additional 
studies  of  equalization  procedures  are 
reported  later. 

The  steady-state  moisture  content  of 
the  lower  portions  of  the  masses  during 
equalization  was  lower  than  the  equilib- 
rium moisture  content  (fig.  5).  For  ex- 
ample, the  steady-state  moisture  content 
(dry  basis)  for  the  130°F  study  was  5% 
per  cent,  whereas  the  value  for  55  per 
cent  relative  humidity  and  130°  calcu- 
lated from  the  equilibrium  equation  is 
9.2  per  cent.  Perhaps  overdried  hops  are 
altered  physically  so  that  the  equilibrium 
curve  is  altered.  Or  perhaps  the  tempera- 
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Deep-bed  drying  pattern  for  130°  F.  Fig.  8.  Deep-bed  drying  pattern  for  150°  F. 
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ture  feature  of  the  equation  does  not 
apply  as  shown  for  hops,  which  are  phys- 
ically different  from  most  other  agricul- 
tural materials. 

BASIC  DRYING  INDEX 

The  drying  rate  of  agricultural  mate- 
rials in  a  thin  layer  or  layer  one  unit 
deep  can  be  represented  by: 

-ftEft-*-'" 

M0  =  moisture  ratio  at  the  start  of  a 
drying  period 

M e  =  moisture  ratio  after  a  period  of 
time,  0,  in  hours 

ME  -  equilibrium  moisture  ratio  at 
the  drying  temperature  and 
relative  humidity 

p.5  =  saturated  water  vapor  pressure 
of  the  atmosphere  at  the  dry- 
ing temperature,  in  lbs.  per 
sq.  in. 

Vn  =  air  rate  through  the  thin  layer, 
in  cubic  feet  per  minute  per 
square  foot,  raised  to  a  power 
n 

k  =  the  drying  index 

6  —  time  in  hours 

The  equilibrium  moisture  ratio  (data 
from  fig.  5  converted  to  moisture  ratio 
by  fig.  1)  for  each  of  the  four  laboratory 
runs  was  subtracted  from  the  observed 
moisture  ratios  of  the  1%-hi-  layers  at 
the  bottom  of  the  drying  stack  and  the 
differences  plotted  against  time  in  figure 
9  (solid  lines). 

The  kVn  term  in  the  drying  equation 
was  found  to  have  the  following  values 
for  the  respective  curves: 

110°F,  50  cu.  ft.  per  min.— 0.706 
130°F,  50  cu.  ft.  per  min.— 0.760 
150°F,  50  cu.  ft.  per  min.— 0.750 
150°F,  30  cu.  ft.  per  min.— 0.584 
If  the  l^-in.  layer  dried  as  a  true  thin 
layer,  the  index  difference  between  the 
150°F  curves,  assuming  no  experimental 
error,  must  be  a  function  of  the  drying- 
air  velocity.  A  measure  of  the  air-velocity 


factor  can  be  provided  by  evaluating  n 
thus : 

0.750      /50\n 


0.584 


-( 


30/ 


from  which  n  is  found  to  be  0.484.  The 
theoretical  range  for  n  is  0  to  0.8.  Wheat, 
corn,  and  other  small  grains  have  drying 
indexes  nearly  independent  of  air  rate; 
open  water  surfaces  have  an  n  approach- 
ing 0.8.  Since  the  drying  layers  are  not 
true  thin  layers,  the  difference  between 
the  150°F  indexes  may  be  affected  by 
depth.  The  true  exponent,  n,  would  be 
slightly  less  than  0.484  and  the  true  k 
slightly  larger  than  noted.  The  complete 
drying  equation  is: 

logN^#  =  -  0-112  p.F"«" 


M0-ME 


or 


M0-MK 


=  e  0.112  ps 


"P"0.4S4 


M0-ME 

The  drying  index,  0.112,  in  this  equation 
is  the  average  of  the  &'s  at  50  cu.  ft.  per 
min.  per  sq.  ft.  divided  by  50  to  the  0.484 
power. 

The  dotted  135 °F  curve  of  figure  9  is 
from  the  run  of  sample  6,  table  1.  The 
kVn  value  is  0.587.  The  performance  of 
this  run  at  106  cu.  ft.  per  min.  per  sq.  ft. 
through  an  8-in.  depth  would  be  com- 
parable to  20  cu.  ft.  per  min.  per  sq.  ft. 
through  1%-in.  depth.  The  index  equals 
that  found  in  the  laboratory  tests  for  30 
cu.  ft.  per  min.  per  sq.  ft.  at  150 °F, 
whereas  we  would  expect  the  index  to  be 
less  than  at  30  cu.  ft.  per  min.  This  test 
was  made  a  year  later  than  the  laboratory 
studies  with  hops  grown  under  different 
conditions.  Natural  biological  variation 
could  easily  account  for  this  deviation 
from  the  laboratory-determined  indexes. 

Many  drier  operators  report  that  hops 
"case  harden"  when  dried  with  high- 
temperature,  low-relative-humidity  air 
and  that  drying  with  high-humidity  air 
at  the  same  temperature  may  actually 
permit  faster  drying.  The  drying  curves 
for  samples  6  and  7,  table  1,  shown  in 
figure  10,  tend  to  support  this  report:  the 
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sample  dried  with  air  at  9  per  cent  rela- 
tive humidity  appears  to  have  dried  at 
the  same  rate  or  perhaps  slightly  slower 
than  the  sample  with  24  per  cent  relative 
humidity,  whereas,  theoretically,  it 
should  dry  faster.  If  this  phenomenon 
existed,  the  k  indexes  would  be  smaller 
at  the  higher  temperatures  for  the  same 
air  rate;  however,  the  basic  drying  data 
are  inconclusive  in  this  regard. 

PILOT-DRIER  STUDIES 

A  pilot  drier  (fig.  11)  was  constructed 
in  1953  for  controlled  deep-bed  drying 
studies    but   it   was    not    finished   early 


-  \ - 

\                    o    9%  r.h. 
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1 

Fig.  10.  Drying  curves 
for  two  samples  at  dif- 
ferent relative  humidi- 
ties. 


enough  for  use  during  the  entire  season. 
The  few  runs  that  were  made  were  ex- 
ploratory and  yielded  no  significant  data. 
The  over-all  dimensions  were  38  in.  by 
50  in.  by  88  in.  high.  The  space  for  hops 
was  a  34-in.  cube.  A  portable  gas  burner 
was  used  for  heat.  The  air  direction 
through  the  hops  was  reversed  by  revers- 
ing the  rotational  direction  of  the  fan, 
and  moving  the  burner  to  the  top  or  out- 
let port.  The  air  inlet  and  outlet  ports 
were  provided  with  gasketed  covers.  The 
door  (D  in  fig.  11)  could  be  opened  to 
permit  recirculation  of  the  air  with  the 
system  closed. 
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The  pilot  drier  (see  frontispiece)  was 
modified  for  the  1954  and  1955  studies. 
The  heat  source  and  fan  were  rearranged 
so  the  heated  air  could  be  delivered  either 
up  or  down  through  the  hop  mass.  A  per- 
forated-bottom steel  basket  was  fabri- 
cated to  fit  the  drying  chamber.  The 
basket,  33  in.  by  33  in.  by  34  in.  deep, 
was  supported  so  that  it  and  the  con- 
tained hops  could  be  weighed  frequently 
during  the  drying  period.  Thus,  the  aver- 
age moisture  content  at  any  time  could  be 
estimated  since  freshly  harvested  hops 
have  a  moisture  content  of  70  to  80  per 
cent  (wet  basis).  A  hand-operated  bale 
press  was  constructed  to  make  a  cubical 


bale  7  in.  on  each  side.  It  was  designed 
for  a  bale  ram  pressure  of  approximately 
15  lbs.  per  sq.  in.,  which  is  representa- 
tive of  commercial  bale  pressures. 

1954  Test  Procedures 

The  quantity  of  hops  for  test  was  ob- 
tained from  the  mechanical  picker  of  the 
E.  C.  Horst  Co.  at  approximately  the 
same  time  each  day  in  order  that  initial 
quality,  test  to  test,  would  be  as  com- 
parable as  possible.  The  experimenters 
were  unable  to  control  or  determine  the 
time  elapsed  between  harvest  and  pickup 
for  test.  This  may  or  may  not  have 
affected  the  quality  of  the  dried  product. 


Table  1.  1954  Hop  Drying  Tests 


Sample 
no. 

Air 

temp., 
deg.  F 

Bed 

depth, 

ins. 

Air  rate, 

cu.  ft.  per 

min.  per 

sq.  ft. 

Drying 
time, 
hrs. 

Final* 

moist 

cont., 

per  cent 

wet  basis 

Run  details 

1 

115 

34 

47 

MX 

4.1 

2 

115 

34 

47 

nx 

3.3 

Tempered  with  convection  air,  16  days 

3 

115 

34 

47 

17M 

3.3 

Tempered  with  forced  air,  16  days 

4 

115 

34 

47 

iiy2 

12.8 

Air  direction  reversed  when  %  dried 

5 

120 

8 

96 

GVs 

10.7 

6 

135 

8 

106 

5 

6.7 

Unhumidified  air  at  9  per  cent  relative 
humidity 

7 

135 

8 

101 

m 

9.0 

Air  humidified  to  24  per  cent  relative 
humidity 

8 

150 

8 

95 

3 

6.1 

9 

150 

8 

96 

IX 

30 

Finished  with  convection  air,  8  days 

10 

150 

8 

96 

IX 

30 

Finished  with  forced  air,  2  days 

11 

165 

8 

86 

2 

3.7 

12 

8 

95 

3% 

17.0 

Dried  at  a  constant  discharge  air  tem- 
perature of  117°  F 

13 

8 

105 

5% 

11.3 

Dried  at  a  constant  discharge  air  tem- 
perature of  117°  F 

14 

140 

24 

8.4 

Dried  in  a  laboratory  vacuum  oven 

15 

115 

34 

18 

25 

6.2 

Random  sample  as  hops  were  dumped 
on  cooling  floor 

16 

115 

34 

18 

25 

6.2 

Mixture  from  top  and  bottom  of  kiln 
floor 

17 

115 

34 

18 

25 

6.3 

From  top  and  bottom  of  kiln  floor,  lay- 

ered in  bale 

Moisture  content  when  removed  from  drier. 
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The  hops  were  placed  on  test  within  an 
hour  after  obtaining  them.  At  the  end  of 
each  test  a  sample  of  the  dried  hops  was 
baled  in  moistureproof  paper  and  placed 
in  a  constant  temperature  of  about  68°F. 
The  bales  were  submitted  to  a  panel  of 
eight  experts  for  quality  evaluation 
(table  2)  after  being  in  storage  for  two 
and  one  half  months.  Seventeen  tests 
were  run;  test  conditions,  in  addition  to 
those  given  in  table  1,  were  as  follows: 

Samples  1,  2,  3.  These  are  from  a 
single  run  made  August  16.  The  heated 
air  was  pulled  down  through  the  mass. 
Sample  1  was  taken  as  an  average  of  the 
dried  hops  at  the  end  of  the  drying  run. 
Two  samples  were  taken  from  the  sur- 
face, the  driest  part  of  the  mass,  at  the 
end  of  the  run.  These,  nos.  2  and  3,  were 
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Fig.  11.  Pilot  drier  for  deep-bed  studies;  D, 
door  permitting  recirculation  of  air  with  the 
system  closed. 


exposed  to  room  air  conditions  in  con- 
tainers 16  in.  square  and  5  in.  deep.  In 
one,  the  bottom  was  tight  and  the  top 
open;  the  outside  to  inside  air  exchange 
was  by  diffusion.  The  other  was  force- 
ventilated  at  150  cu.  ft.  per  min.  per  sq.  ft. 
The  moisture  response  of  these  samples 
was  determined  by  periodic  weighings  of 
the  samples  and  containers  (fig.  12). 

Sample  4.  August  17.  The  direction 
of  air  movement  was  reversed  when  the 
average  moisture  content  was  about  35 
per  cent.  An  average  bale  was  made  at 
the  conclusion  of  the  test. 

Samples  5,  6,  8,  1 1 .  August  19,  20, 
23,  25,  respectively.  Bales  of  an  average 
sample  were  made  at  the  end  of  the  run. 

Sample  7.  September  3.  Steam  was 
added  to  the  heated  incoming  air  to  in- 
crease the  relative  humidity  to  24  per 
cent.  This  run  was  otherwise  comparable 
to  no.  6,  in  which  the  relative  humidity 
of  the  incoming  air  was  9  per  cent.  The 
drying  curves  for  these  two  tests  are 
noted  graphically  in  figure  10. 

Samples  9,  10.  August  31.  The  hops 
were  removed  from  the  drier  when  they 
had  reached  an  average  moisture  content 
of  30  per  cent.  The  containers  of  samples 
2  and  3  were  filled  and  the  hops  dried 
with  the  same  procedure.  The  relations  of 
moisture  content  and  time  are  reported 
in  figure  13. 

Samples  12,  13.  August  18.  These 
are  duplicate  runs.  Because  of  difficulty 
in  adjusting  the  incoming  air  tempera- 
ture and  since  no.  12  was  removed  from 
test  before  the  accepted  final  moisture 
content  was  reached,  a  second  run,  no. 
13,  was  made.  The  average  moisture  con- 
tent and  incoming  air  temperature  are 
plotted  in  figure  14. 

Sample  14.  August  16.  A  small  quan- 
tity of  the  green  hops  secured  for  the 
sample  1  run  were  placed  in  a  vacuum 
oven  at  140  °F  and  a  minimum  vacuum 
of  29  in.  of  mercury.  The  heat  transferred 
poorly  to  the  center  of  the  mass  and  a 
small  portion  of  the  mass  was  still  wet 
when  the  hops  were  removed  and  baled. 
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The  bale  was  spoiled  when  opened  for 
evaluation. 

Samples  15,  16,  17.  August  30. 
These  were  from  a  commercial  drier  at 
the  time  of  hop  removal.  The  moisture 
content  of  the  top  of  the  mass  was  9.3 
per  cent;  the  bottom,  4.6  per  cent;  and 
the  center,  5.9  per  cent.  Sample  15  was 
taken  within  20  minutes  after  the  hops 


were  removed  from  the  drying  floor. 
Sample  17  was  made  so  that  bottom  and 
top  thirds  had  a  moisture  content  of  4.6 
per  cent  and  the  center  third  9.3  per  cent 
when  baled. 

Results  and  Conclusions 

The  results  are  summarized  in  tables 
1,  2,  and  3,  and  figures  12,  13,  and  14. 


Table  2.  Quality  Indices*  for  1954  Tests  Based  on  Individual 
Ratings  by  Eight  Quality  Judges 


Sample 

Color 

Aroma 

Shatter 

Lupulin 

Over-all 

no.f 

Av. 

Std.  dev. 

Av. 

Std.  dev. 

Av. 

Std.  dev. 

Av. 

Std.  dev. 

av. 

1 

3.38 

0.74 

3.25 

1.03 

3.67 

0.52 

3.25 

0.96 

3.29 

2 

2.75 

0.71 

3.12 

0.84 

3.57 

0.54 

3.75 

0.50 

3.21 

3 

3.38 

0.74 

3.12 

1.13 

3.72 

0.49 

3.00 

1.00 

3.13 

4 

3.00 

0.76 

3.12 

0.64 

3.28 

0.76 

3.00 

0.82 

3.04 

5 

1.63 

0.74 

2.25 

0.64 

2.86 

1.07 

2.67 

0.57 

2.18 

6 

3.00 

0.93 

2.62 

0.52 

2.14 

0.69 

3.00 

1.00 

2.87 

7 

2.75 

1.17 

2.62 

1.06 

2.28 

0.49 

2.50 

1.00 

2.62 

8 

2.62 

1.05 

2.38 

1.06 

2.00 

0.00 

2.75 

0.96 

2.58 

9 

2.12 

0.84 

2.37 

1.19 

2.28 

1.03 

2.75 

0.96 

2.41 

10 

3.38 

0.52 

3.00 

1.07 

3.43 

0.79 

3.00 

1.15 

3.13 

11 

2.75 

1.03 

2.38 

1.14 

1.86 

0.37 

3.00 

0.82 

2.71 

12 

2.50 

1.20 

2.62 

1.06 

3.00 

0.56 

2.50 

0.57 

2.54 

13 

1.75 

0.71 

1.88 

0.94 

2.83 

0.98 

1.67 

0.57 

1.77 

15 

3.12 

0.64 

3.38 

0.72 

2.72 

0.49 

3.50 

0.57 

3.33 

16 

3.12 

0.64 

3.25 

0.71 

2.57 

0.54 

3.00 

0.00 

3.12 

17 

3.50 

0.54 

3.12 

0.72 

2.57 

0.54 

3.67 

0.57 

3.43 

Judge  average 


Judge  no. 

Color 

Aroma 

Shatter 

Lupulin 

1 

2.38 

2.56 

2.34 

2.44 

2 

3.32 

2.82 

2.56 

2.94 

3 

3.06 

3.12 

2.67 

4 

2.50 

2.32 

3.00 

5 

3.56 
2.31 
2.62 
2.62 

3.82 
2.50 
3.12 
2.08 

3.25 

3.07 
2.81 

2.34 

6 

7 

3.54 

8 

*  Excellent,  4;  good,  3;  fair,  2;  poor,  1. 

t  Sample  14  was  completely  spoiled  and  was  not  rated. 
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Table  3.  Summary  of  Statistical  Analysis  of  Data  Reported  in  Table  2 


Attribute  and  source  of  deviation 


Sum  of 

deviations 

squared 


Degrees 

of 
freedom 


Mean 
square 


F  for  significance 


At  5% 
level 


Atl% 
level 


COLOR 

Samples. . . 
Judges. . . . 

Error 

Total  items 

AROMA 
Samples . . . 

Judges 

Error 

Total  items 

SHATTER 
Samples . . . 

Judges 

Errors 

Total  items 

LUPULIN 

Samples . . . 

Judges 

Error 

Total  items 


38.85 
23.72 
36.15 
98.72 


24.67 

34.61 

60.02 

119.30 


35.40 

9.36 

31.57 

76.33 


11.98 

9.19 

17.81 

39.98 


15 

7 

105 

127 


15 

7 

105 

127 


15 

6 

87 

108 


15 

3 

38 

56 


2.59 
3.39 
0.34 


1.64 
4.94 
0.57 


2.36 
1.56 
0.36 


0.80 
3.06 
0.47 


7.62 
9.97 


2.88 
8.67 


6.56 
4.33 


1.70 
6.51 


1.77 
2.10 


1.77 
2.10 


1.78 
2.20 


1.90 
2.82 


2.22 
2.82 


2.22 
2.82 


2.25 
3.02 


2.47 
4.25 


Details   of  each  run   needed  to   clarify 
table  1  are  given  above. 

The  results  of  the  quality  evaluation 
by  the  panel  of  experts  (table  2)  were 
treated  statistically  to  determine  the  sig- 
nificance of  the  data.  The  "judge  aver- 
age" is  the  average  of  all  ratings  by  a 
single  judge  for  a  single  factor.  The  re- 
sults of  the  statistical  study4  are  summar- 


ized in  table  3.  The  factors  to  be  used  by 
the  judges  in  evaluating  the  samples 
were  not  specified.  Each  judge  used  color 


4  The  procedures  were  based  on  Snedecor 
(Snedecor,  George  W.  Statistical  methods.  3d 
ed.  422  pp.  Iowa  State  College  Press,  Ames, 
Iowa.  1940)  and  on  recommendations  of  G.  A. 
Baker,  Mathematics  Department,  University  of 
California. 
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Fig.  12.  Response  to  unheated  air;  depth,  5  in. 
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Fig.  13.  Finish  drying  with  unhealed  air;  depth,  5  in. 


and  aroma  as  factors.  One  judge  did  not 
consider  shatter.  Three  judges  did  not 
consider  shatter  on  all  samples.  Four 
(half)  of  the  judges  did  not  consider 
lupulin  in  their  evaluations,  and  two  of 
the  others  considered  lupulin  in  only  part 
of  the  samples. 

The  mean  square  of  the  statistical 
analysis  of  table  3  is  a  measure  of  the 
variation  between  the  averages  weighted 
on  the  basis  of  the  number  of  items  and 
number  of  averages  considered.  Conse- 
quently, any  variance  can  be  compared 
with  any  other  variance.  Considering  the 
color  data,  note  that  the  variance  for  the 
samples  is  smaller  than  for  the  judges. 


This  indicates  that  there  was  a  greater 
variation  between  the  opinions  of  the 
judges  than  between  the  samples.  The 
error  mean  square  indicates  the  variation 
between  items  which  is  due  to  factors 
other  than  sample  treatment  and  judges' 
opinions.  The  F  index  is  the  mean  square 
under  study  divided  by  the  error  mean 
square.  If  F  is  larger  than  the  F  for  sig- 
nificance at  the  5  per  cent  level,  the 
differences  are  considered  significant,  if 
larger  than  at  the  1  per  cent  level,  highly 
significant. 

Therefore  the  test  runs  are  signifi- 
cantly different,  one  from  another,  when 
evaluated  on  the  basis  of  color,  aroma, 
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2  5  4. 

~T\me  —  Hours 

Fig.  14.  Average  moisture  content  and  required  incoming  air  temperature  when  discharge  air 
temperature  is  fixed  at  1 17°  F.  Numbers  in  parentheses  are  sample  numbers,  table  1. 


and  shatter.  The  judges  who  considered 
lupulin  as  a  quality  factor  were  unable 
to  rate  the  samples  on  this  basis.  The 
judges'  opinions  are  significantly  differ- 
ent, one  from  another,  when  considered 
on  the  basis  of  these  quality  indexes,  and 
vary  more  than  the  samples.  This  means 
that  in  all  cases  the  judges  could  not 
agree    as    to    the    rating    of    a    specific 


sample;  however,  the  average  of  their 
opinions  permitted  the  samples  to  be 
rated  significantly  except  in  the  case  of 
lupulin. 

The  samples  dried  at  115°F  (samples 
1-4  and  15-17)  were  superior  in  quality 
to  those  dried  at  higher  temperatures. 
Sample  10,  which  was  partially  dried  at 
a   high   temperature   and   finished   with 


[22] 


unheated  air,  was  rated  as  "good."  This 
indicates  that  plant  capacity  might  be 
increased  by  using  a  drying  procedure 
comparable  to  that  of  sample  10. 

The  data  suggest  that  air  reversal 
(sample  4)  reduces  the  drying  time;  but 
since  the  final  moisture  content  of  this 
sample  was  high,  the  data  are  not  con- 
clusive in  this  respect. 

All  of  the  samples  except  nos.  2,  3,  9, 
and  10,  were  baled  directly  from  the 
drier.  Since  the  quality  did  not  appear  to 
have  been  reduced  by  this  procedure, 
elimination  of  the  cooling  floor  seems 
possible.  Note,  however,  that  the  air  rate 
was  higher  and  bed  depth  less  in  some 
samples  than  in  field  practice.  Also  note 
that  in  many  cases  the  final  moisture 
content  was  lower  than  desired. 

The  results  (table  2)  from  samples 
2,  3,  9,  and  10  (see  figs.  12  and  13)  indi- 
cate that  exposure  to  static  air  may  be 
detrimental  to  quality.  Forced  air  ap- 
pears superior.  Note  that  sample  10  dried 
from  30  per  cent  moisture  content  to  10 
per  cent  in  one  day  and  that  the  quality 
in  all  respects  was  high.  This  sample  test 
indicates  that  partially  dried  hops  might 
be  finish-dried  satisfactorily  with  un- 
heated air  if  a  high  air  rate  were  used. 

The  results  with  samples  12  and  13 
(fig.  14)  indicate  that  the  constant-air- 
discharge-temperature  procedure  does 
not  yield  a  quality  product.  Drying  at  a 
constant  incoming-air  temperature  of 
135°F  (sample  6)  produced  better- 
quality  hops  in  slightly  less  time. 

Exposed  dried  hops  respond  in  mois- 
ture content  to  the  relative  humidity  of 
the  air  surrounding  them.  Thus  from 
figure  5  the  moisture  content  of  dried 
hops  might  be  expected  to  approach  8 
per  cent  at  the  normal  time  of  harvest. 
The  data  of  figures  12  and  13  show  that 
the  moisture  content  of  approach  for  the 
1954  season  was  under  the  normal.  The 
data  also  show  that  the  response  may  be 
relatively  fast  (note  the  change  in  mois- 
ture content  in  the  first  2  days  in  fig.  13) . 
Thus,  since  the  relative  humidity  may 


vary  from  30  per  cent  during  the  day  to 
35  per  cent  or  more  at  night,  consider- 
able variation  in  moisture  content  of  ex- 
posed hops  can  be  expected  within  any 
24-hour  period. 

1955  Tests  of  Closed  Recirculation 

The  studies  conducted  during  the  1955 
harvest  season,  described  in  table  4,  were 
designed  to  investigate  further  the  possi- 
bility of  reducing  the  final  moisture  dif- 
ferential, top  to  bottom  of  the  mass,  by 
using  high-relative-humidity  air  during 
the  entire  drying  period  or  by  equalizing 
with  high-relative-humidity  air  after  dry- 
ing is  completed. 

High-humidity  or  "closed  recircula- 
tion" conditions  were  produced  by 
opening  door  D  (fig.  11),  partially  or 
completely  covering  the  air-discharge 
port,  and  partially  covering  the  air- 
intake  port. 

The  conditions  of  the  different  runs 
are  summarized  in  table  4.  The  hop  depth 
given  there  is  that  when  drying  starts; 
the  depth  reduces  about  one  third  during 
drying.  The  air  temperature  and  relative 
humidity  (from  wet-  and  dry-bulb  ob- 
servations) are  of  the  drying  air  entering 
the  mass.  The  moisture  contents  were 
determined  by  the  calibrated  Delmhorst 
small-grain  moisture  meter.  Equalizing 
was  started  or  the  run  was  terminated 
when  the  average  moisture  content 
reached  approximately  8.0  per  cent. 
Wind  extinguished  the  heating  flame 
during  the  night  of  run  4;  run  5  is  a 
rerun.  Run  11  was  intended  to  be  oper- 
ated with  an  air  rate  just  under  that 
which  would  lift  the  hop  mass.  It  was 
started  with  an  air  rate  of  100  cu.  ft.  per 
min.  per  sq.  ft.  Motor  trouble  developed 
X/4  hour  later,  and  the  rate  was  reduced 
to  60  cu.  ft.  per  min.  per  sq.  ft.  for  the 
remainder  of  the  run. 

The  floating  velocity — that  is,  the  air 
velocity  required  to  just  lift  a  single  hop 
— of  14  random  single  hop  cones  was 
determined  by  a  piece  of  equipment  de- 
signed for  this  type  of  observation  by 
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the  Department  of  Agricultural  Engineer- 
ing. The  floating  or  terminal  falling 
velocity  ranged  from  523  to  715  ft.  per 
min.,  the  average  being  612  ft.  per  min. 
The  following  conclusions  were 
reached. 

1.  Humidification  during  the  drying 
period  (runs  2  and  3  vs.  5)  may  reduce 
the  final  moisture  differential  but  extends 
the  drying  period. 

2.  A  high  air  rate  shortens  the  drying 
time  and  reduces  the  moisture  differen- 
tial (run  1  vs.  5).  Note  that  run  1  was 
slightly  overdried,  that  is,  was  left  on 
test  too  long. 

3.  Equalizing  by  closed  recirculation 
of  the  drying  air  after  the  desired  aver- 
age moisture  content  was  reached  re- 
duced the  moisture  differential  signifi- 
cantly but  extended  the  time  on  test.  The 
relative  humidity  during  equalizing  was 
the  maximum  possible  with  the  experi- 
mental equipment  used  since  a  small 
amount  of  outside  air  was  required  to 
maintain  combustion.  Specially  designed 
equipment  could  be  provided  to  operate 
with  complete  recirculation,  which  would 
produce  a  higher  relative  humidity  and 
consequently  a  smaller  final  moisture  dif- 
ferential and  shorter  equalizing  time  (see 
1956  studies). 

4.  Equalizing  with  110°F  air  appears 
superior  to  atmospheric  temperature  air 
(runs  6  through  9) . 

5.  Drying  and  equalizing  at  130°F  pro- 
duced an  inferior-quality  product.  The 
hops  used  may  have  stood  in  the  sacks 
too  long  before  drying. 

6.  Using  an  air  rate  just  under  that 
which  will  lift  the  mass  (run  11)  is  ad- 
visable from  the  standpoint  of  quality 
and  drying  time.  On  full-scale  operations, 
however,  power  requirements  might  be 
excessive. 

7.  The  lifting,  floating,  or  conveying 
velocity  of  a  single  hop  was  found  to  be 
approximately  615  ft.  per  min.  A  34-in. 
bed  of  hops  weighs  about  2.45  lbs.  per 
sq.  ft.  of  floor  when  dry.  The  load  or 
force  on  the  floor  is  equivalent  to  a  pres- 

[ 


sure  of  0.47  in.  of  water.  Consequently, 
a  plenum  pressure  in  excess  of  this  value 
will  tend  to  lift  the  mass,  the  effective 
value  depending  upon  the  pressure  drop 
across  the  floor. 

1956  Tests  of  Closed  Recirculation 

The  pilot  drier  was  fitted  with  an  air- 
tight gas-fired  heat  exchanger  to  permit 
completely  closed  recirculation  at  a  held 
air  temperature.  A  wet-  and  dry-bulb 
record  provided  a  temperature  history  of 
the  air  leaving  the  mass.  Two  drying  tests 
were  made. 

Hops  were  dried  in  deep  bed  with 
110°F  air  at  50  cu.  ft.  per  min  per  sq.  ft. 
until  the  average  moisture  content  was  8 
to  9  per  cent.  The  heat  exchanger  was 
installed,  the  drier  closed,  and  the  con- 
fined air  recirculated  at  110°F.  The  rela- 
tive humidity  stabilized  at  about  35  per 
cent  in  the  first  test  but  considerable  dry- 
ing took  place  during  the  8-hr.  closed 
period.  The  relative  humidity  decreased 
from  30  to  25  during  the  10-hr.  closed 
period  of  test  2,  and  drying  resulted  dur- 
ing this  period. 

Even  though  all  predictable  leaks  in 
the  drier  were  repaired  before  beginning 
the  tests,  drying  when  closed  up  could 
have  resulted  only  by  an  exchange  of 
outside  and  confined  air.  The  following 
calculations  are  pertinent  to  this  ob- 
servation. 

Weight  of  hop  mass  at  beginning  of 
closed  period,  with  moisture  con- 
tent 6.5  per  cent  (assume  mass 
initially  at  82.5  per  cent  moisture 
content,  32  x  33  x  33  in.,  4.5  lbs. 

percu.  ft.) 17.01  lbs. 

Weight  of  hop  mass  at  end  of  closed 
period,  with  moisture  content  3.4 

per  cent 16.48  lbs. 

Weight  or  moisture  loss  during  pe- 
riod of  10.25  hrs 0.531b. 

Humidity,  recirculating  air  at  td  = 

110°,  *w  =  82° 122  grains 

Humidity,  outside  air  at  59°  dew 
point 74  grains 
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Air  exchange,  outside  to  inside,  re- 
quired to  remove  0.53  lb.  mois- 
ture in  10.25  hrs. .  8.22  lbs.  per  hr. 
Air  exchange  rate  or  leakage,  8.22  x 

14.0/60 1.92  cu.  ft.  per  min. 

The  observation  that  only  2  cu.  ft.  per 
min.  air  leakage  can  destroy  the  effective- 
ness of  the  system  points  out  the  need  for 
a  completely  tight  system.  Note  that  this 
represents  an  exchange  of  only  0.51  per 
cent  of  the  air  circulated  through  the  hop 
mass. 


The  general  results  of  this  study  indi- 
cate that  a  34-in.  bed  of  hops  can  be  dried 
to  an  average  moisture  content  of  8.5  per 
cent  in  12  hrs.  with  110°F  air  and  an  air 
rate  of  50  cu.  ft.  per  min.  per  sq.  ft.  The 
response  during  an  8-  to  10-hr.  closed 
period  would  lead  one  to  conclude  that 
the  closed-recirculation  procedure  would 
be  satisfactory  if  the  drier  were  tight 
enough  to  retain  the  moisture  or  if  loss 
resulting  from  filtration  were  made  up 
by  steam  injection  or  by  some  other 
method. 
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"stont". . . 


This  is  probably  the  world's  largest  plow — it  was  built  about  1910.  It  plowed 
an  acre  in  four  and  one-quarter  minutes.  A  swath  60  feet  wide  was  turned 
under  by  55  bottoms,  pulled  by  three  oil-burning  tractors.  The  monster  plow 
was  built  in  sections  and  assembled  for  several  test  runs  in  the  midwest. 


Impractical? ...  no! 


This  "stunt"  yielded  new  knowledge  about  hitches  . . .  knowledge  that  agri- 
cultural engineers  have  used  in  designing  many  of  today's  farm  implements. 

For  more  than  40  years  agricultural  engineering  has  offered  opportunity  to 
young  men  of  mechanical  bent  with  an  interest  in  agriculture.  And  as 
mechanization  increases  on  farms,  opportunities  in  agricultural  engineering 
expand  . . .  with  the  GOOD  JOBS  going  to  those  who  are  WELL  TRAINED. 

Many  leaders  in  the  field  were  trained  at  the  University  of  California  at 
Davis.  The  staff  at  Davis  is  recognized  nationally  and  internationally  for 
its  accomplishments  in  teaching  and  in  research.  The  Department  of  Agri- 
cultural Engineering  is  accredited ...  a  graduate  is  eligible  for  examina- 
tion for  a  Professional  Engineer's  license,  or  he  may  continue  study  toward 
a  master's  or  doctor's  degree.  The  growing  College  of  Letters  and  Science 
on  the  same  campus  broadens  the  student's  educational  and  social  back- 
grounds. 


For  further  information  .  .  . 

about  courses  and  careers  in  agricultural  engineering,  write  Mr.  Roy  Bainer, 
Chairman,  Department  of  Agricultural  Engineering,  University  of  California, 
Davis. 


Or  .  .  .  See  the  College  Entrance  Advisor  in  the  office  of  your  local  Farm 
Advisor. 


